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1 Abstract 
O. 

In string compactification preserving N = 1 SUSY, moduli fields (including the string dila- 

> . 

ton) are plausible candidates for the messenger of SUSY breaking at low energy scales. In a 



> 
(N 



scenario that moduli-mediated SUSY breaking is significant, the pattern of soft SUSY breaking 
terms depends crucially on how the light moduli with mass m ^$ 0(8TT 2 m^/2) are stabilized. We 
discuss the correspondence between the pattern of soft terms and the stabilization mechanism of 
light moduli within the framework of 4D effective supergravity which is generalized to include a 
SUSY-breaking uplifting potential which might be necessary to get the phenomenologically viable 



I/-) de-Sitter (or Minkowski) vacuum. In some special case, light moduli can be stabilized by con- 

o , 

trollably small perturbative corrections to the Kahler potential, yielding the soft terms dominated 
by the moduli-mediated contribution. In more generic situation, light moduli are stabilized by 
non-perturbative effects encoded in the superpotential and a quite different pattern of soft terms 
emerges: the anomaly-mediated soft terms become comparable to the moduli-mediated ones. Such 

•rH , 

mixed moduli-anomaly mediated soft terms can be described by a mirage messgenger scale hier- 
archically lower than Mpianck, and lead to low energy superparticle masses qualitatively different 
from those of other mediation models such as mSUGRA scenario, gauge-mediation, and anomaly- 
mediation. 
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I. INTRODUCTION 



Low energy supersymmetry (SUSY) is one of the prime candidates for physics beyond the 
standard model at TeV scale [l|. One of the key questions on low energy SUSY is the origin of 
soft SUSY breaking terms of the visible gauge/matter superfields in the low energy effective 
lagrangian [2]. Most of the phenomenological aspects of low energy SUSY are determined 
by those soft terms which are presumed to be induced by the auxiliary components of some 
messenger fields. In string theory, moduli fields including the string dilaton are plausible can- 
didates for the messenger of SUSY breaking. In addition to string moduli, the 4-dimensional 



supergravity (SUGRA) mul 
i.e. the anomaly mediation 



tiplet provides a model-independent source of SUSY breaking, 
which induces a soft mass m so f t ~ m 3/ / 2 /87r 2 . To identify the 
dominant source of soft terms, one needs to compute the relative ratios between different 
auxiliary components including the auxiliary component of the 4D SUGRA multiplet, which 
requires an understanding of how the messenger moduli are stabilized at a nearly 4D Poincare 
invariant vacuum. If some moduli X are stabilized with a heavy mass mx 3> 87r 2 m3/2, their 
auxiliary components are typically suppressed as F x /X ~ m 2 / 2 /mx <C m 3 / 2 /87r 2 . As a re- 
sult, the soft terms mediated by such heavy moduli are negligible compared to the anomaly- 
mediated ones. On the other hand, light moduli T with tut ~ 8n 2 ms/2 generically have 
Ft/T > m 3 / 2 /87r 2 , and then the soft terms mediated by light moduli can be comparable 
to or dominate over the anomaly-mediated contributions. As we will see, different values 
of the anomaly to moduli-mediation ratio lead to qualitatively distinguishable patterns of 
low energy superparticle spectrum. This means that one can probe the mechanism of mod- 
uli stabilization through the low energy superparticle masses which might be observable at 
future collider experiments. 

In this talk, I discuss the correspondence between the soft terms and the stabilization 
mechanism of light moduli for string compactifications which can realize the low energy 
SUSY at TeV scale together with the high scale gauge coupling unification at Mqut ~ 
2 x 10 16 GeV U Theoretical framework of the discussion is the 4D effective SUGRA 
which allows the computation of moduli F-components and the resulting soft terms in a 
controllable approximation scheme. In order to obtain a phenomenologically viable de-Sitter 
(or Minkowski) vacuum, the effective SUGRA is generalized to include a SUSY-breaking 
uplifting potential as in the recent KKLT construction of de-Sitter vacua in Type IIB string 
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theory Q]. In section II, I briefly discuss 4D effective SUGRA which contains an uplifting 
sector. I then present in section III several different examples of light moduli stabilization, 
including the case that the light moduli are stabilized by controllably small perturbative 
corrections to the Kahler potential as well as the KKLT stabilization 5] achieved by 
non-perturbative superpotential The perturbative Kahler stabilization is possible in a 
rather limited situation and leads to the soft terms dominated by moduli-mediation, while 
the stabilization by non-perturbative superpotential can be implemented in more generic 
situation and leads to the soft terms receiving comparable contributions from both the 
moduli mediation and the anomaly mediation |4| . Section IV is devoted to the discussion of 
the low energy superparticle spectrum for generic values of the anomaly to moduli-mediation 
ratio BSQ. 

II. 4D EFFECTIVE SUGRA WITH UPLIFTING SECTOR 

Quite often, moduli stabilization with low energy SUSY yields hierarchical moduli masses: 
some moduli X get large masses nix ^ 8 7] " 2m 3/2, while the other moduli T remain to be 



light with irtT ^ 87r 2 m3/2- For instance, the moduli stabilized by quantized fluxes 11| 
are typically heavy if the compactification scale M com and the string scale M string are hi- 
erarchically higher than m 3 / 2 , e.g. m x ~ M" om / M^ng ^ 87r 2 m 3 / 2 for the moduli masses 
induced by n-form flux. The heavy moduli masses are dominated by the SUSY-preserving 
part: nix — {e K ^ 2 d x W / dxdx*K) where K and W are the Kahler potential and the su- 
perpotential of 4D SUGRA, and then the resulting auxiliary components are suppressed as 
F x /X = (e K / 2 D x *W* /Xd x dx*K) ~ ™3/ 2 A™x Q- Such heavy moduli are decoupled 
from low energy SUSY breaking, thus can be safely integrated out, leaving an effective 4D 
SUGRA which describes the stabilization of light moduli. Our theoretical framework is such 
an effective SUGRA of light moduli which contains also an uplifting sector which might be 
necessary to get a phenomenologically viable de-Sitter (or Minkowski) vacuum Jsj]. Here 
we will be focusing on the compactifications with M com > Mqut = 2 x 10 16 GeV which 
can accomodate the successful 4D gauge coupling unification at M GUT . The uplifting sector 
might originate from a SUSY-breaking anti-brane in the underlying string compactifica- 
tion. Although it appears to break SUSY explicitly, the uplifting sector can be consistently 
accomodated in 4D N = 1 SUGRA through a Goldstino operator in N = 1 superspace j^J. 
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where 



The effective action of light moduli Tj and the visible gauge and matter superfields, W£ 
and Q 1 , can be written as (in the unit with the 4D Planck scale Mp\ = 1): 

S cS = J d 4 x^f J d 4 6 [CC*[ - 3 exp(-K/3) ) - C 2 C 2 *6 2 e 2 V M t } 

+ [J d 2 6 (^f a W aa W« + C 3 W^j +h.c.|] , (1) 

K = K (T t , T?) + Zi(Ti, T^QtQ 1 *, 
Vm = Vo(T i7 T*) + Xj(T i7 T^Q'Q 1 *, 
W = W (T t ) +^X IJK Q I Q J Q K , fa = fa{Ti). (2) 

Here we are using the superconformal formulation of 4D SUGRA with chiral compensator su- 
perfield C, and is the 4D metric in superconformal frame which is related to the Einstein 



frame metric g® as g^ v = (CC*)~ l e K l 3 g®. For simplicity, we choose the superconformal 
gauge in which both the fermionic component of C and the scalar auxiliary component of 
SUGRA multiplet are vanishing, and then ignore the dependence of SUGRA multiplets other 
than the spacetime metric-dependence. There still remains a residual super Weyl invariance 
under the transformation 

C^e^C, 9%^&^g%> 9 a - e~^>, (3) 

where r is a complex constant, and the uplifting spurion operator 6 2 6 2 Vm should be invariant 
under this super Weyl transformation in order to keep the consistency of formulation. For 
the consistency with the full N — 1 local SUSY, one might replace the Grassmann coordinate 
9 a in the spurion operator by the Goldstino superfield A a = 6 a + Goldstino-terms jl^ : 

ewv m — A 2 A 2 P lift , (4) 

which will not affect our subsequent discussion. 

The .D-type uplifting spurion operator in {IJ does not affect the standard on-shell relations 
for the SUSY breaking auxiliary components (in the Einstein frame): 

= IdiKoF* + m* 3/2 , F* = -e K °' 2 (c^o)" 1 (DjWo)* , (5) 

where F° and F l denote the auxiliary F-components of C and Tj, respectively, and 7113/2 = 
e K °/ 2 Wo. On the other hand, the moduli potential is modified to include the uplifting 



potential from spurion operator: 



Vtot = V F + V m , (6) 

where 

V F = (didjKo) F l F j * - 3e K °\W Q \ 2 

is the standard F-term potential of the N — 1 SUGRA, and the uplifting potential is given 
by 

Vm = e 2K °/ 3 Vo(T i ,T*). 

It should be stressed that this uplifting potential is fundamentally different from the 
D-term potential of the N — 1 SUGRA which is associated with 4D gauge symmetry. To 
see the difference explicitly, let us consider a 4D SUGRA with an anomalous U(l) gauge 
symmetry (but without the uplifting sector) [3] under which 

5T = i5 GS , 5® 1 = iqi&, (7) 

where the non-linear transformation of T (Sgs — real constant) is introduced to realize the 
Green-Schwarz (GS) anomaly cancellation mechanism, and qi is the U(l) charge of generic 
chiral superfield $ / other than T. The resulting N — 1 SUGRA potential is given by 

V N=1 = V F + V D =[ (d A d B K)F A F B * -3e K \W\ 2 ] + [\g 2 D 2 ] (8) 

where F A is the F-component of $ A = (T, $ J ), g is the U(l) gauge coupling, and the aux- 
iliary D-component of the U(l) vector multiplet contains the T-dependent Fayet-Iliopoulos 
(FI) term £pj = 5gs9tK arising from the non-linear U(l) transformation of T: 

D = -i6^8 A K = £„ + q ,*' Sl K = /W**'*. (9) 

Here the last expression of D is based on the U(l) invariance of W and is an identity 
which is valid as long as W ^ 0. The above expression of D already shows a fundamental 
difference between Vd = g 2 F> 2 /2 and Vm. The D-term potential Vd can never shift the 
super symmetric AdS minimum {{F A ) = and (W) ^ 0) of V F since (Vd)susy-AcIS = is 
a global minimum of Vd j4j. On the other hand, Vm generically shifts the supersymmetric 
AdS minimum of V F to a SUSY-breaking true vacuum of Vtot — V f + Vnf t . 
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Even for a SUSY-breaking solution with F A ^ 0, the possible value of Vd is severely 
constrained. Applying the stationary condition 

(d A V N=1 ) = (10) 

together with the U(l) invariance of K and W, one finds the following relation on the VEVs 
of the F and D-components 

Kj^ K abF A F b * -ml /2 + M*)D = ^5$ A [d A ln(Re(/))] D 2 

(11) 

where / is the U(l) gauge kinetic function, and 

My = g 2 K AB 5$ A 5<S> B * = g 2 M 2 Pl 5 2 GS d T d T *K + ... (12) 

denotes the U{1) gauge boson mass. This shows that M 2 3> m 3 / 2 Mp; as long as T is 
stabilized at a value which does not give a hierarchically small (dTdT*K). Then the constraint 
(fTTj) implies (D) <C m 3 / 2 Mp; since (-F^ 1 ) = 0(m 3 / 2 Mpi) or smaller, finally leading to (Vd) <C 
rn\, 2 M Pl . In fact, if the modulus T corresponds to the string dilaton or the volume modulus, 
the corresponding M v is rather close to M Pl for the range of (T) which can be compatible 
with the high compactification scale M com > Mqut- Then (Vd) = (m|/ 2 ) which is too 
small to be useful for uplifting the negative vacuum energy density — 3m^ 2 M Pl in Vjv=i- O n 
the other hand, there is no constraint on VJift such as (Jll|) since there is no associated gauge 
symmetry. As a result, one can freely adjust the size of (Vift) to be O (w^MpJ in order 
to get the desired nearly flat de-Sitter vacuum. 

Once Kq, Wo and Vq are given, one can compute F c and F % by minimizing Vtot = 
Vf + Vift under the fine tuning condition for (Vtot) = 0. The resulting soft terms of 
canonically normalized visible fields can be written as 

Csoft = ~\M a \ a \ a - im^'l 2 - ^AuKyuKtW + h.c, (13) 

where A a are gauginos, (j) 1 are the scalar components of the matter superfields Q 1 , and 
Uijk = ^ijk/ V^~ k °ZiZjZk are the canonically normalized Yukawa couplings. Since the 
anomaly-mediated contributions to soft masses can be comparable to the moduli-mediated 
contributions, i.e. F c /8ir 2 C ~ F l /Ti, we need to include both contributions in a consistent 



+ F F 



A rpB* 



K c§ d A 5$ c + 5$ u d c K AS 



C; 
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manner, yielding the following form of soft parameters at energy scales just below Mqut 
M a = F i d i \n(Re(f a )) + b ^f^-, 
A IJK = -F% In ( e _£ J * jZK ) ~ ^(li + U + 1k)^, 
m ] = hv F + V m ) + e 2K ^ z Zj 1 X I - F i F^d i dj In (e~ K ^ ? 'Z I 



1 dli 
327T 2 d In /i 



c 



C 



2 *+ h 4 (i4) 



where fe a and jj are the one-loop beta function coefficients and the anomalous dimension of 
Q 1 which are given by 

ba = -|r(T a 2 (Adj)) + iEtr(T a 2 (Q0) 

7 , = 2C 2 {Q I )-W\yuK? (E<£W) = c 2 (g 7 )i) 

Z JA' a 

$7/ = -^EIWW -J^? 7 ) -2C 2 (g J )^ln(Re(/ a )), 
2 ^ \e k °ZjZjZ k J 

where cj/j = J^klUiklI/jkl * s assumed to be nearly diagonal. 

Note that the uplifting operator A 2 A 2 V m = A 2 A 2 [P + X&Q 1 *} affects the soft scalar 
mass as 



Am 2 = e 



2AV3 



3 



2 P + Z^ Xl ] =l^ + e^Z^Xj, (15) 



where the first term is the consequence of lifting the vacuum energy density by Vim, while 
the second term originates from the matter-Goldstino contact term XiA 2 A 2 Q I Q I * in the 
uplifting operator. In the KKLT-type moduli stabilization, one needs Vuft = ^{ m \/2^Pi) m 
order to get a phenomenologically viable de-Sitter (or Minkowski) vacuum. Still Xj can be 
negligibly small compared to my 2 if the uplifting sector is sequestered from the visible sector. 
In the KKLT compactification of Type IIB string theory, the uplifting operator originates 
from anti-D3 brane (-D3) which is stabilized at the end of an warped throat 0|. On the other 
hand, if one wishes to accommodate the gauge coupling unification at Mqvt ~ 2 x 10 16 GeV, 
the visible sector should be assumed to live on D-branes located at the un-warped region 
of the Calabi-Yau space. As the D-branes of Q 1 are separated from the D3 of A a by a 
long throat, the coefficient Xj of the superspace contact interaction between Q 1 and A a 
is expected to be highly suppressed. Unfortunately, a reliable calculation of Xj requires a 



detailed knowledge of the underlying string compactification, which is not available at this 
moment. 



III. SOME EXAMPLES 

A. Stabilization by perturbative Kahler corrections 

If the light moduli have a flat potential when the leading order form of the Kahler potential 
is used, some of the light moduli might be stabilized by (controllably small) perturbative 
corrections to the Kahler potential. A simple example is the stabilization of the volume 
modulus T = Vqy +ic4 in Type IIB string compactification on a Calabi-Yau (CY) orientifold 
with positive Euler number p. (Here Vcy is the volume of the CY orientifold, and C4 is 
a zero mode of the RR 4- form field.) After the dilaton and complex structure moduli get 
heavy masses m ~ M c 3 om /M s 2 t > 87r 2 m 3 /2 by 3-form fluxes, the 4D effective SUGRA of the 
Kahler moduli takes the no-scale form at leading order in a' and string loop expansions, 
thus gives a flat potential of Kahler moduli. Considering only the overall volume modulus 
while including the higher order corrections to the Kahler potential, one finds 

6 6 



K = -3 ln(T + T*) + 



(T + T*) 3 / 2 (T + T*) 2 '' 



Wo = a*, V m = (T ^ )2 , (16) 

where £1 is the coefficient of a' correction which is positive for a positive Euler number, £2 is 
the coefficient of string loop correction, u ~ m 3 / 2 (in the unit with Mpi = 1) is a constant 
induced by 3-form fluxes, and Vm is the uplifting potential generated by anti-T>3 brane. It is 
then straightforward to see that, if £1,2 > 0, Re(T) is stabilized by the competition between 
the a' and string loop corrections at a vacuum value 

(Re(T)) ~ 5.1£ 2 /£ 2 , (17) 

for which 

m 3/2> ^Z2~n~ ~ 6 ' 3 X 10 ^ (rr i ^3/2 m 3/2, 



(T + T*) J/z ' 8tt 2 C ' (T + T*) 3 / 2 



-1/2 
,1 

(T + T*) 3 / 4 "" 0/z ' '" n — "'"(T + T*) 3 / 2 ' 



m T ~ 0.8 ^ ^ V4 m 3/2 , V Mt ~ 0.12 ^ ; ^ /2 m 2 3/2 M 2 Pl . (18) 
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In order for the above volume modulus stabilization to be a reliable approximation, one 
needs the Kahler corrections to be significantly smaller than the leading order term: 

{(FTfw) * " x 10 "l <<: l ' (19) 

Then the anomaly to modulus mediation ratio in this Kahler stabilization scheme is negli- 
gibly small: 

(i^) (t^ 1 « 6 ' 3 x ir • (20) 

and the soft terms are dominated by the modulus- mediated contributions of C(m 3 /2). Note 
that the size of the uplifting potential which is required to get a nearly flat dS vacuum is 
not significant compared to m^, 2 M Pl , thereby the effects of the uplifting sector on soft terms 
can be ignored also. An interesting feature of this Kahler stabilization is that the RR axion 
Im(T) can be identified as the QCD axion solving the strong CP problem, though it might 
suffer from the cosmological difficulty since its decay constant f a ~ M GUT 

One difficulty of the above Kahler stabilization of the volume modulus is that it works 
only for £1 > which requires the Euler number \ = 2(/ii.i — h\^) > 0. In order to 
get cuo hierarchically lower than Mpi, one might need many independent NS and RR 3- form 
fluxes, i.e. need a large value of h 12 - In such case, the number of Kahler moduli is also large, 
ft<i,i > ^i.2? thus there remains many unstabilized Kahler moduli. To avoid this difficulty, one 
might stabilize some of the Kahler moduli by non-perturbative superpotential. However then 
the Kahler moduli unfixed by non-perturbative superpotential do not have a flat potential, 
thereby can not be stabilized by a controllably small Kahler correction. Another potential 
difficulty of the Kahler stabilization is that it generically predicts tjit ~ rn so { t , thus might 
suffer from the cosmological moduli problem when the soft masses of visible fields have the 
weak scale size. 



B. KKLT-type stabilization by non-perturbative superpotential 

A more interesting possibility is to stabilize the light moduli by non-perturbative super- 
potential. The simplest example would be the KKLT stabilization described by the following 
effective SUGRA 

K = -n ln(T + T*), W = cu - Ae~ aT , V m = j^p^y v (21) 



where A is a constant of order unity (in the unit with Mpi = 1). Stabilization of the Calabi- 
Yau volume modulus in Type IIB can be described by this form of effective SUGRA with 
n = 3 and i = 2 after (i) the heavy dilaton and complex structure moduli are integrated 
out, and (ii) the hidden gaugino condensation and anti-D3 brane are introduced to generate 
Ae~ aT and Vuft [5|, respectively. Stabilization of the heterotic dilaton might be described 
also by this form of effective SUGRA with nn = 1 after (i) the Kahler and complex structure 

n 

moduli get heavy masses by the geometric tortion and NS fluxes [16(, and (ii) the hidden 
gaugino condensation and an anti-NS5 brane are introduced. At any rate, one easily finds 
that T is stabilized at 



a(T) ~ ln(A/u ) ^ ln(M Pi /m 3/2 ) (22) 



for which 



U m 3/2 1 F c m 3/2 



■>7T 2 



(T + T*) 2n ln(Mpi/m 3/2 ) ' 8vr 2 C 8? 

m T ~ m 3/ 2ln(M Pi /m3 /2 ), V m ~ 3m 3/2 M|;. (23) 

If the low energy SUSY is realized within this KKLT stabilization scheme, one would 
have ln(Mp;/m 3 / 2 ) ~ 47r 2 , and then the corresponding anomaly to modulus mediation ratio 
is essentially of order unity: 

\8n* C )\T + T*) ~ U 4tt 2 " U[i) - [M) 

As will be discussed in the next section, such mixed modulus- anomaly mediation can give 
a highly distinctive pattern of superparticle masses at TeV scale. An interesting feature of 
the KKLT stabilization is the little hierarchy structure: 

r i 2 

m T ~ m 3/2 ln(Mpi/m 3 / 2 ) ~ m soft [ln(M P ;/m 3/2 )J , (25) 

for which the cosmological moduli and gravitino problems can be avoided even when the 
soft masses have the weak scale size. 

Unlike the Kahler stabilization, the KKLT stabilization can be easily generalized to the 
multi Kahler moduli case. For each Kahler modulus T i; there can be a stack of D7 branes 
warpping the corresponding 4-cycle. Then the gaugino condensation on those D7 branes 
will generate the non-perturbative superpotential Aie~ aiTi stabilizing Tj. As an explicit ex- 
ample, let us consider a Calabi-Yau compactification with two Kahler moduli whose effective 
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SUGRA is given by [17|: 



K 



-2 In 



(Ti + T*) 3/2 - (T 2 + T 2 *) 3/2 
(12T2 



uoq - A ie - aiTl - A 2 e 
D 



[(Ti + 27)3/2 _ (T 2 + r 2 *) 3 / 2 ] 2 ^ 3 ' 

where A lj2 are constants of order unity (in the unit with M Pt = 1), We then find 



(26) 



a^Ti) ~ ln(A/wo) - ln(M„/m 3/2 ) (i = 1, 2), 



(27) 



and 



3(: 



m 



3/2 



1 F 



c 



(Ti + 7?) (T 2 + T 2 *) 2n ln(M„/m 3/2 ) ' 
-jrjr> m Ti, 2 - m 3/2 In (Mpi/m 3/2 ), V m ~ 3m 2 /2 Mp,, 



(28) 



8tt 2 C 

which are essentially same as the case of single Kahler modulus. 

If the light moduli are stabilized by a race-track form of superpotential, the anomaly to 
moduli mediation ratio can be significantly enhanced, leading to the anomaly-dominated 
SUSY breaking. For instance, for the effective SUGRA 

£0 



Kq = -3 ln(T + T*), W = A ie " aiT - A 2 e~ a2T , V\ 



lift 



(29) 



(t + T*y 

with Ai 2 = 0(1) and the race-track fine-tuning | a\ — a 2 \ ~ (ai + a 2 )/ln(Mp^/m 3 / 2 ), one 



finds 



m 3/2 



1 F 



c 



m 3/2 



(T + T*) 4 [ln(M P ,/m 3/2 )] 2 ' 8vr 2 C 8tt 



2 ; 



m T ~ -m 3/2 [ln(M Pi /m 3/2 )] 2 , V m ~ 3m 2 /2 Mp,, 



1 F 



2 [\n(M Pl /m 3/2 )f 



8vr 2 C / \ T + T* 



3f 



4vr 2 



C(4tt 2 ). 



(30) 



IV. LOW ENERGY PHENOMENOLOGY OF THE MIRAGE MEDIATION 

Let us discuss how the low energy superparticle spectrum behaves as the anomaly to 
moduli mediation ratio varies. The soft terms of ()14|) renormalized at the scale just below 
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Mqut can be written as 

M a = M 
A IJK = M 
m] = |M | 2 



\n(M Pl /m 3 / 2 ) 2 
1 + — — —b a g GUT a 



aijK — 



Cl 



8tt 2 

\n(Mpi/m 3 / 2 ) 



16tt 2 



4tt 2 

[\n(M Pl /m 3/2 )} 2 d 1 



aiJK\yijK\ )ot 



32tt 2 



(31) 



where 



ciijkMo 



M = F%\n(Re(f a )), 



-F l dj In 



e-K'ZjZjZK) ' 
Cl \M \ 2 ee -FF'did-j In (e- Ko/3 Z/) + J^Z^Xi 



(32) 



represent the moduli-mediated soft terms (including the soft scalar mass from the matter- 
Goldstino contact term), and 



4tt 2 



a ee 



(- 1 



1 F 



(33) 



\n(M Pl /m 3/2 ) J \M J \4n 2 C J 

parameterizes the anomaly to moduli mediation ratio. Note that a is of order unity when 
the two mediations give comparable contributions to the gaugino masses. 

Taking into account 1-loop RG evolution, the low energy gaugino masses at the renor- 
malization point \i are given by 



M a (fl,) = M 



M 



GUT 



(34) 



47r 2 ^ ovrv " \(M Pl /m 3/2 )^fiJ J ' 
where g a (fJ>) are the running gauge couplings at scale /i. As for the low energy values of 



A IJK and m 2 , if Duk ~ 1/V87T 2 or d/j^ = cj + c j + = 1 for the I-J-K combination with 
Uijk ~ I/V871 2 , they are given by 

Mqut 



aiJK + ^ (7/(^) + 7j(^) + 7x(/i)) In 



jMp,/™^)"/ 2 ^ 



m?(/i) = |M | 2 cj-^Y^cjY^&Mhx^ 



M GUT \ 
fi J 



M G ut 



4tt 2 



2 din// \ v (M„/m 3/ 2) a / 2 /i / 
12 



In 



M 



Gt/T 



(Mpz/mg/a)"/ 2 /!, 



(35) 



where 7j(//) denote the running anomalous dimensions at /i and Y} is the U(l)y hypercharge 
of Q 1 . 

The above results of low energy soft masses show an interesting feature: the low energy 
gaugino and (1st and 2nd generation) scalar masses in the mixed modulus-anomaly media- 
tion with the messenger scale Mqut are same as those in the pure moduli-mediation with a 

mirage messenger scale 

M miragc = (m 3/2 /M Pl ) a / 2 M GUT . (36) 

As an immediate consequence of this mirage mediation, when a increases from a = (pure 
moduli- mediation) to a ~ 2 (mixed moduli-anomaly mediation), the superparticle masses 
at TeV scale get closer to each other as the mass splitting due to the RG running (over the 
scales between M GUT and M mirage ) is cancelled. Note that the mirage messenger scale does 
not correspond to a physical threshold scale. Still the physical gauge coupling unification 
scale is Mqut, and the Kaluza-Klein and string threshold scales are a little above Mqut- 

In Fig.l, we depict how the pattern of low energy superparticle masses varies as a function 
of a. Fig. 2 shows the low energy superparticle masses for < a < 3, which contains the 
range of a suggested by the KKLT-type stabilization. Particularly interesting values of a 
would be a = 1 which is predicted by the KKLT-type models (|21|) and (J26|) with n = 3, 
£ = 2 and f a = T, and also a = 2 which gives nearly unified gaugino (and sfermion) masses 
at TeV scale. Note that this pattern of low energy superparticle masses in the mirage 
mediation are qualitatively different from those predicted by other SUSY breaking scenarios 
such as the mSUGRA, gauge-mediation and anomaly-mediation. 

We finally remark that the moduli stabilization schemes discussed in section III can avoid 
dangerous SUSY flavor and CP violations in a natural manner even when all superparticle 
masses are close to the weak scale Q] . The resulting (mixed moduli-anomaly mediated) soft 
terms preserve the quark and lepton flavors if the modular weights of the matter fields are 
flavor universal, which would be achieved if the matter fields with common gauge charge 
originate from the same geometric structure. They also preserve CP since the relative CP 
jhases between F l and F c can be rotated away by the shift of the axion-component of Tj 
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0.5 1 0.5 1 



tan _1 (a/4)/7r tan -1 (a/ 4) /n 

FIG. 1: The pattern of superparticle masses at Msusy = 1 TeV for the entire range of the 
anomaly to moduli mediation ratio a. Note that the sign convention of the gaugino masses for 
< tan(a/4) < ir/2 is different from the convention for tt/2 < tan(a/4) < tt. Here we choose 
aijx = 3 and nj = 1 — cj = 0. The shaded region indicates the range 2/3 < a < 2 and the 
short-dashed curves denote the 3rd generation squarks/sleptons. 
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